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PREFACE

The rapidly increasing use of composite structures in NATO aerospace has intensified interest in methods of strength,
and life analysis. At the same time the introduction of new tough resins has increased the static strength of composite joints
with inmplications for the corresponding strength in fatigue. A number of NATO nations have built up data bases and
developed methods for strength and life analysis; in order to take advantage of these resources the Structures and Materials
Panel held a Specialists' Meeting, in conjunction with the 64th Panel Meeting, in Madrid, Spain on 27th-29th April 1987,
under the chairmanship of Professor Vittorio Giavotto, to provide a focus for methods of analysis and the identification of
research needs. Tis vol-ime contains the papers presented at this Specialists' Meeting.

L'emploi de plus en plus ftiquent de mattriawc composites dans le cadre des activites airospatiales de I'OTAN est
* ~l'origine d'un regain O'ntiret dans Ins mithodes d'analyse de Ia risistance et de la durie de vie des composants. Paral1ment,

l'arrivde de nouvelles risines hautement risistantes a eu pour effet d'augmenter Ia risistance statique des joints composites-,
phinomine non sans importance pour la resistance en fatigue correspondante. Un certain nombre de pays meambres de

I I'OTAN ont constitui mdes bases de donne~es et ont ilabord des mdthodes pour l'mnalyse de ]a risistance et de la duree de vie
* des composants. Souhaitant tirer profit de ces moyens, Ie Panel des Materiaux et Structures a organisi une riunion de

spdcialistes It l'occasion du 64ime Reunion du Panel i Madrid en Espagne, Ic 27-29 avnil 1987, prisidde par Ie professeur
* ~Vittorio Giavotto, afin d'orienter les methodes d'analyse et de permettre l'identification des besoins en matiire de recherche.

Le prisent volume presente des prisentation faites lors de cette riunion de spdcialistes.
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LITERATUJA REVIEW ON TI1 DESIGN OF

MECHANICA'.LY FASTEUED COMPOSITE 3OINTS

by

C. Pam

Structures and Materials Laboratory
National Aero••autical Establishment

National Research Council Canada
"Ottawa, Ontario, K iA 0R6

SUMMARY

This report presents a literature review of the state-of-tme-art analytical and experimental methodologies adopted
in the aerosmpace industry for the design of mechanically fastened joints in composite structures. Results and conclusions
obtained from the published literature relating to the effects of critical parameters, which include composite material
system, fastener configuration and joint geometry, on the mechanical behaviour and failure modes of composite
mechanically fastened Joints are discussed. Further research required to improve the design of composite mechanically
fastened joints is identified as a result of this review.

1.0 INTRODUCTION

The purpose of this literature review is to assess the state-of-the-art analytical and experimental methodologies
for the design of composite mechinically fastened joints. This review aits at providing a basis for identifying further
research In these areas.

3oints that require mechanical fasteners such as bolts, rivets or pins to conr A two or more parts In a structure
where the transfer of loads Is provided by the fasteners are generically described as mechanically fastened joints. This is
In contrast to adhesively bonded joints where the connecting and load transfer medlum Is the adhesive layer.
Mechanically fastened joints are required in cases where the need for component disassembly is entailed.

One of the more challenging aspects of composite mechanically fastened joints is that the well-established design
procedures for metal joints, that are based on years of experience with Isotropic and homogeneous materials, have to be
changed in order to accommodate the anisotropic and nonhomogeneous properties of composite materials. Also,
advanced composites have practically none of the forgiving capabilities of metals which yield to redistribute loads and
thus reduce the sensitivity to local stress concentrations. The inherent matrix weaknesses of composites, especially
organic matrix composites, render the jcints susceptible to interlaminar shear failures as a result of matrix stresses.

Analytical procedures fr the prediction of static strength and fatigue life of composite nechanically fAstened
joints are presented In Section 2. The application of finite element and two-dimensional elasticity methods in stress
analyses and the adoption of failure criteria in static strength predictions are discussed. Current methods for fatigue
life prediction are also discussed.

Experiments Investigating the effects of important parameters on the mechanical performance of composite
mechanically fastened joints are presented in Section 3. Of principAl interest in the results discussed are stress
concentrations at the fastener hole as a function of fastener configurations and material parameters, and the
relationship between failure modes and joint configuration, fastener pattern, lay-up, etc. The special topic of
environrnLrtal effects is not included in thJs review.

Further research In Improving the design of composite mechanically fastened joint Is discussed In the last section.
This includes the wtalytical effort required to improve the a._curacy and reliability of both stitic and fatigue strength
prediction methodologies as well as the experimental work required to provide a data base which is essential for the
application of advanced high strain/tough resin composites. Also, the develolpnent of failure models based on physical
damage phenomena is needed for the prediction of delamination and gr*s bearing failure vuodes.

2.0 ANALYTICAL METHODOLOGIES FOR STRENGTH PREDICTIONS

A typical analytical procedure for the evaluation of the static strength of composite mechanically fastened joints
involves four basic steps: first, the load distribution In the vicinity of the fastener holes is determined by an overall
analysis of the structural component; second, the fastener load and the by-pass load at individual fastener holes are
determined; third, the detailed stress distribution in the vicinity of an individual fastener hole is evaluated based on the
fastener load and by-pass load; and fourth, the joint strength is assessed by applying appropriate material failure criteria.
These analytical steps for composite bolted joint strength evaluation are illustrate in Figure 1. Methodologies adopted
in each of the steps are discussed in the following sub-sect:ons.

2.1 Overa•l Structural Analysis

An overall structural analysis to determine tlte internal load distributions Is performed, generally, by finite element
methods. Because of economic limitations, It Is common practice for a component finite elemnent model to consider
overall geometric and material properties to determine stiffness parameters and to exclude fastener flexibility under the
assumption that the contribution of bolts and local joint structures to the overall structural deformation are quite small
(i). When the bolt flexibility is considered to have an effect to the overall response to ioads, the inclusion of fastener
effects In the general model is necessary for accurate analysis (2,3). In Reference 2, the finite element analysis of the
Space Shuttle payload bay doors clearly demonstrated that the analysis of joint behaviour was required to be an Integral
part of the overall structural analysis. Also Reference 3 shows that the flexibl:lty of the fasteners was required In the
local root area of the over&:! finite element model of the B-I horisontal stabilizer. Baumann (4) presented a method
Incorporating the effects of fastener representation. le discussed various modelling techniques for the fastener effect
and demonstrated excellent correlation with test results by allowing the fastener (beam elements) end constraints to be
flexible rather than rigidly fixed against rotation.
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2.2 hAun lof Lead Olkefbimn at Pastener Hlle

The overall structural analysis discussed in the previous sub-section can, in most cases, even tnough fasteners are
not modelled provide an estimation of load& acting on complex Joints. One dimensional analytical meth %ds for redundant
structures (51 ame commonly used to deotermine the load calried by each row of fastnrs In a complex joint. These
methods include analytical closed frm procedures for simple lap-joint configurations, and numerical proceures capable
of handling more complex geometries and joints with rr.ultiile shear fate. Engineering idealizations esployed in one
dimensional analysis are based upon Wos assumptions regarding the plate flexibility between successive fastenm rows,
the bolt flexibility due to shear and bending effects, and the local flexibility associated with the complex stress and
deflection pattern In the Immediate vicinity of the hole (3,•). As Illustrated In Figure 2, rows of fasteners are
repaented by fasten• shear elements in the structural Joint idealization.

In order to determine Individual fastener loads accurately, It is important to account for the contribution of each
fastener to joint flexibility. This contribution is dependent upon fastoner stiffness, joint member stiffness, and load
eccentricity. Ioint fiexibilitles, which ae obtained experimentally from load-deflection tests upon single fastener
specimens, an required for the analysis. in metals, this type of data Is available for a wide variety of fasteners, sheet
materials and thicknesses; (6). in composites, however, this data is not as prevalent and Is usually generated on a need"
basis for specific conditions. When data Is not available, it is common to obtain estimates of composite Joint flexibility
by comparison to existing Isotropic metal data or by calculations using formulae developed for thin sheet metals (3,7.),
An extensive experimental investigation was performed by Huth (Ill) to determine the fastener flexibility for a wide
range of joints of practical interest. A formula for predicting load transfer in multiple-row joints based on fastener
flexibility was derived from test results. It can be used with a variety of fasterm systems and Joint materials which
Include graphite/oepoxy systems to improve 'he prediction of stress and fatigue performance in mechanically fastened
joints.

L.3 Iffect of Friction on Bolted 3oint Load Diserixition

The effect of friction is commonly Ignored in the analytical work published in tne literature. Friction between
plate surfaces can, however, significantly affect joint bolt load distribution. Experimental work by Wittmeyer and
Stmode (8) and the survey report by Munse (9) both indicate that the clamp-up force resulting fro-n bolt tightening
relieves the joint load transmitted by fastener shear. However, In most design situations, this beneficial effect of
friction In relieving fastener load is conservatively ignored because it is felt that the bolt torque cannot be maintained
due to the viscoelastic property of resin-based lainnates which allows bolt clamp-up relaration (108) to occur during the
life of the structure.

In fatigue tests using aluminium single-shear dolg-bone specimens with steel Huck rivets, HIooson and Baker (10)
reported that failures of specimens occurred not at the fastener hole where the stress concentration is hilghest. but
outside the region of peak clamp-up pressure between plates. Significant fretting *as observed in the region of failure.
This observation led to the belief that failure was the result of the propagation of cracks which were initiated by i
fret ting mechanism.

In composites, this contact problem in the faying plate surfaces is further complicated by the fact that the
behaviour of friction and wear Is a function of varying fiber orientations with respect to the sliding direction. Sung and
Suh (11) measured the friction coefficient and wear volume of composites as a function of sliding distance for three
different fiber orientations, perpendicular, transverse and longitudinal to the sliding direction (see Figure 3). As
illustrated in "Igure 4, which presents their results for graphite epoxy composite (Thornel 300/SP-238), both wear and
friction coefficients were a ninimum when the fiber orientation was normal to the sliding surface, and both wear and
friction coefficients were a maximum when the liding was transverse to the fiber axis. l)ifferent failure 'nodes for
different fiber orientations with respect to sliding direction were observed in their experiments (Figure 3).

Sandifer (106) investigited the effect of fretting fatirse on graphiv/epoxy composites and found that fretting has
no significant effect on the fatigue life of graphite/epoxy material when fretted against aluminium, titanium, or
graphite/epoxy of the same type. Fatigue life was actually found to be increased by a factor of four under tension-
tension cyclic loading due to the clamping of the fretting pad in the test section of the unnotched specimen. It was
noted that, during cycling testing, the specimens began to delaminate in the thickness plane between the grips and
clamped pads. However, such delamination never occurred In the clamped regions. This observation led to the
conclusion that the pads act as a stabilixing point holding the plies together and thus a longer fatigue life Is achieved.
Sandifer further mentioned that the application of a common test technique where buckling guldes or stabilizing fixtures
are mounted at specimen mid-point m &y lead to non -conservative fatigue life results.

The effect of friction in the faying plate surfaces can be included in the stress analysis if the tamping is known.
Both finite difference and finite element methods have been a,*lied successfully in calcu!ating the clamnpup pressure for
isotropic platws (12, 13, 14). A typical idealization of a bolted joint used to determine the contact pressure between
plates is illustrated in Figure 3. The effects of clamping pressure and lateral constraint were investigated
experimentally by Stockdale and Matthews (15) on glass/epoxy and by Collings (16) on carbon/epoxy. it was concluded
that incre•ng the bolt torque Increases the bearini strength. Semi-empirical equations, which account for friction
effects and lateral constraints at the bolt hole, were established b- Collings (M7Y to predict bemrlng strength and failure
mode of carbon fiber-reinforced plastics.

The through-thickness effects for a ,nulti-ocientation laminate as a result of fastener/plate Interaction are very
complicated because the coefficient of friction varies through the thickness, from ply to ply, at the edg of the hole.
Aiso, under compressive and frictional loadinl, complicated failure modes, such as fibers debonding fromn matrix and
fiber bucIking, are encountered. To treat these effects analytically, three dimenslonel methods and suitable failure
criteria are required.

2.U Detailed S•t•r Analysis and Static Strngth Prediction

The detailed stress or strain distribttion in the vicinity of the loaded bolt hole in a composite joint Is determined by
means of finite element methods, elastic anisotropic analysis based on complex variable formulation and fracture
mechanics analysis. The prediction of static strength and failure mode Is accomplished by the application of anisotmopic
material failure criteria based on unidirectional laminate properties.
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The failure of a composite laminate Is asassed on a ply-by-ply basis. At the edge o the fastener hole where a hile,
stress concentration Is present, strnpth pr"ctlon Is based on at-eas at a "chircterl itL. di-mension" from the edge 5f
the hole (IS). In this way, the non-linear material behaviour In the region Immodatelv wrrwundin the fastener hale Is
avoided, This " €oacit, as illustrated In Figure 6, ,as been commonly applied in the failure analsis of composite bolted
joints (19,2O). YM establishment of the *characteristic dimension" Is bae on experimentl data obtained by test
procedures dihscse In Refern•cs 19-ll.

Failure modes In composite bolted Joints can be very complex and quite different from thoee of mewtal olnms
because composites exhibit anisotropic propertIes, lack of dut:tlllty and Inherent ýnterlaminar weaknes. Various fallare
,nodes for composite bolted Joints are Illustrated In Figur 7. Many failure criteria have been developed assentially by
modifying Isotropic criteria to allow for anisotropic effects In predicting these failure modes and strangtths of composlte
bolted joints. In developing these failure criteria, sufficient arbitrary parameters are introduced so that various failure
mode cat be Incorporated.

L4.l Stati trqanih fallure crairia

Sandhu (22) published a survey of failure criteria for anlsotropic materials In 1972. He broaody cataorlsed these
criteria according to their capability to accont for failure node Interactlons. Failure criteria that do Aot account for
failure mode Interactions Include maximum stress (23), imaximu,.i strain (24), and maximum shear criteria (23). In
applying thee criteria, failure is precipitated when any one of 1ns longitudinal, transvers, and shear stresses/strains
exceed the material limits determined by tests. In the other caegaory of failure criteria where failure mode Interactions
are accounted for, expressions mainly of a quadratic form that yield a smiooth and continuous qi•adratic failure envelope
in each load quadrant, are included. The expressions are eC'hur anaaiaftlons of Von Mhlles' criterlon, such as those
developed by Hill (26), Tsal (27) end Hoffman (24), or have hAen developed explicitly Li. quadratic form using the stress
tensor approach which satisfies the Invariant requirements for coordinate transformation, sud+, as the Tsal-Wu criterion
(29). Tennyson (30) adopted the cubic form of the strms tensor polynomial criterion to rAedict failure strength of
graphitelepoxy under biaxial loads and obtained more aixtirate predictions than with the qusdratlc form. Experimental
procedures required to obtain thefe parameters for var~ous failure criteria are discussed In V.eference 31.

1.4.2 Static s&urth pridlctl.n based on fracture wrecholdca

EIsenmarnm (32) established a bolted jolr' static strength prediction model based on fracture mtchanics !or
composite materials. The failure criterion lxI

i %

where K, is the Mode I stress intensity factor at location I on the fastener hole boundary and K6 is the corresponding

fracture toughmhes This fracture mechanics concept is similar to the "characteristic dimension" conc*pt of Whitney and
Nuismer (13) except that the characteristic dimension, ai, is taken as the length of a through crack extendinl radially
outward from location I on the hole boundary. The determination of ai is btsed on laminate strength and fracture
toughness obtained by tests discussed In Reference 33. Eight potential crack Initiation positions on the hole boundary
(0.8) are selected based on an examination of many falleJ joint test specimens. Values of lanat• tensile strength and
Mode I fracture toughness at these locations are determined by tests using tensile coupom an edge-notched beam
pc fn fahricated In a manner such that they represent laminate propertivs In the direction tangential to the hole

Once ,he laminate tensile strength and Mode I fracture toughness hae been determined, the characteristic
dimension, al, can be calculated for each of the eight selected locat!ons by the following equationK01

The established dimension, &I, Is then used to calculate the Mode I stress Intensity at each of the etight iocations and for
each of the five specific load cases that consist of the tension loads In the X and Y directions, the bolt bearing loads In
the X and Y directions and the shear loads, as Illustrated In Figure I for location I - 2. The Mode l stress Intensity factor
for the general load case at location I Is obtained by adopting linear superposition of all five Mode I stress intensity
factors for specfic load cases.

The validity of ths fracture mechanics model has been verifled by successful correlation of experimental results.
Expalimental data consisting of measured failure loads and observed failure locations from a series of forty-•lght static
tensile tests w-re used (2). The application of this model, however, is limited by the requirement of an extarslve data
base nd is only valid for tensile strength predictions.

.4.3 Static st-'gtl pr edction using finite element method

The two dimensional finite le-ment model is by far the most common method In composite mechanically feastned
joint atalyals (34-49). The major limitation of two dimensional analyses is that thre) dimensional effects, such as
thickness defnrmation related to bweaing failures, Interlaminer sheer resulting from ply-to-ply .4pkclaement
Incrmipatibilities, through-the-thIckness friction effects between the fastener and the hole, and lateral constraint at the
fastener hole as a result of clamping of washer and nut ftae on the plates that are joined together, are not accounted
for. However, in moat design situations, two-dimensional methods are chosen over threedimansonal ones because of
their relative simplicity and economy.

A two-dimensional finite element method solution predicting bolted joint strength was published by Vasancak and
Cruse (34) in 1971. A coalne-dlslributed radial prw.sumr acting along the semi-circular boundary was used to simulate the
load from a rigid aid frictionlee pin. Orthot•oplc laminates, which were mid-plane symmetric, were considered The
maximum stress criterilon, ma maximum strain criterion and the Tsal-Hilll distortional energy failure criterion were
applied to predict tie laminate failure strength and failure mode. For cases where lay-ups were +431, this analysis
resulted in failure strength predictions which wee aOX conservative.

Chat n at al. (33, 36) investigated the same pr-blem using similar techniques. Improved correlations in failurestrenglth and failure mode with experimental results were obtained by adopting fte Yarnads-Sur showr strenglth fal~ure
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criterion. W(37) An ce~wn'wfmction twithWA a CwoiPtroe failure ~hYPo*thes"3s (34) ttha~t"prmdiWcts~fail*ujre based on stre~as at a
chaactr~sic istnc frm te pn-hle ntrfae I orer o mniisettwe-dmenl falfects. Wang and Matthews

(3)$)used fthe INL code to calculate the strains at the pin-loade holes of mi-ln ymti n aacdlaminates,
The layers of a laminate were treated as being homngeneous and orthowroplc. One half of the Joint was modelled based
on symmetry. The load applied by the pin was represeented by a ainutoidally distributed pressure as well as by a uniform
vertica displacement at the hole boundary an the l oaded side of the hole. Only Insignificarn differece were found
between these two tedu qusa of pin load representation. Experimental correla,'ons of results are Included In the
Investigation.

An~ *aterntlve technique to shwlnuAte the frictionless rigd pin Joint As to appy wom radial displacements along the
semi-circular boundary and to apply fort at the far end (39,4A,42 Agerwal 09P) used this technique and the NAST~hN
cods to determine the strew distribution wound the fastener hole of a doubl-shea bolt bearing specimen. The
composite plate, which was assumned to be orthotrople and mid-plne symmetric, was Ideaised by 234 CfQOMEMI
elements which wea Isaparametrlr. membrane element -;Ado not Include any bending. The plate was asaumes! to be
symmetric about the X axis anct only half of the plate was modelled (see Figure 9)6 The Grimes-WhItney (maximum
strain first ply failure criterIvn (40) was applied to predict the unnotched laminate strength and the Whitney-uismer

average stress criterion USA)M~ was applied to predict the mechanlcalli; fastened joint strength and failure mode. Sant
(41) used the same NASTR'tN code and the boundary conditluns but adopted the Tsal-Wu tensor polynomnIall falIIe
criterion (29) for the strorq~h analysis of pin-loaded plate. The ultimate larnInate failure strength was based or' the last
ply failure stese" The results obtained by both Investigations were consw vatIve by a factor of two for lay-ups which
were predominately *450 when compared with corresponding experimental results.

York et al. (42) 'used fth Structural Analysis Program SAP V and the modified "point strss failure criterion (4)) to
predict the net tensitan strength of composite mechanically fastene Joints. Application of the modified "pc~nt stress"
failure criterion requres the empirical determination af two notch sensitivity parameters, to and c, for a particular
material systemn ond laminate configuration A~ccurate strength predictions were achieved based an exparlmental net
ten~sion strength doit- for Hercules AS/35014 graphite/eopoxy with a laminate configuration of (43/'0/-45/02/-

Crews at &1. (44) presented another technique to simulate frictionless pin !oading In their tweo-dirmensinal finite
element analysis were the pin was also modelled. The pir, was loaded at its center and was connectri to the laminate
by short, stiff apinfg elements which had no transverse itlffness and as a result they transferred o~,ly radial loads and
thereby isoduced the desired frictionless Interface. An Iterative procedure was adopted to Jrtermnsln the contact
boundary between the pin and the hole. When a spinK was computed to have a tensile force, its radial stiffness was set
to se.) and the analysis was repeated until convorgence was reached. S~ress concentration 1:,ctors, based on. nomninal
bearing stress, for finite &sue orthotropic laminates of different lay-mips and geometries v.ere astab'ashed using this
analyticall technique.

The above methods ignore the effects of friction oad the length of contact of the fisteera wit:% the ooundary of the
holle In the laminnate. Oplbnge (45,46) adopted an acrurste treatmnent of boundary ce~lditiorn at the fastenter hole by
modelling fastearm/plate Interactions In his finte element analytses This treatment Involve,% the use. of a displacement
boundary t.,ndtion to represent the effect of the tastenrr moving agairst the hoei boundsuy. The use of displacement
conditions In the contact region leads to successful modelling of changes In contact length with Inc easl..j by-paus load, a
condition which exists In a complex Joint with ul.tiple rows at fasteners. The analvejcal result,. showing the effect of
friction on radial and sheer stress distrIL. tions around the fastener hoe are giver. in Figure F .. A departure frown the
commonly assumned halif-cosine radial stress distribution as a result of friction Is v~oted In Figur.o 10.

WWhiamn at al. (4?) used an Incremental finite element method to drtermlnine *st asses and strains around pin-
loaded holes In orthotropic: plates. The numerical solution provided by the analysis ac.ounts for friction along the
contact surface batween the pin, which Is assumed rigid, and the plate, and dater.minnA the region of slip and nanslip.
This analytical method was later extended to provide nwoericall solimt~ons for multiple-loolted Joints (4U) The effects of
variations In friction, materiall properties, load distribution among the bolts and boltiplato contact were considered. A
condition of nonslip existed at a point an the hole boundary If%

JA0 '

where p.* coefficient of friction, a, - radial stress, and rq tangential shear stress. An Incremental loading with an

Iterative procedure was performed to obtain the results at the final specifiled load level. The affect of friction on the
radial stress betweenm the bolt and the contacting Woe boundary of a wooden Joint obtained from Reference 43 Is
presented in Figure 11. This figure shows thet Pa. total absence of friction (is 0) allows the relatively low modulus
wood to "wrap" around the rigid pin and thurebw distribute the pressure more evenly. For stif fer orthotropic materials.,
such as glass composite,&cang In the contat,: cmreff clent of friction from #9'a 0.7 top#" 0.4 has little offect on the
radial stress on the boundery oftehl (Figure 12). However, this relative Insensitivity of the stress distribution as
shown In Figure 12 to moderate changes In triction is fortuitous since, even at a fixed position around a loaded pin, the
coefficient of friction for a stacked fiber-reInforced laminate could vary from ply to ply dependng on the particular
ply% orientation relative to that of the pin In the contact region. The treatment of the through-the-ehiclmess friction
effect reqluires very complicated three-dimensional an~alyss. No work has beew published In this waes.

The effects of pin elasticity, clearance, and friction on the stre distributions around in hoe In & pin loaded
Lethotropic plate were investigated by Hyer and Kiang (112). Numerical results, computed by using twoý-dlmenslonal

techique fora(~*5kgrhiteep.I laminate, Indicated that pin elasticity does not have a signiiatafeto
streas distribution" pi ole nce Influences the arc of contact and the radial stress. Assa result of a reduced arc of
contact 4am to li-mmesed clearance, the radia street was found to be higher. The effect of friction was found to
decrease fte beaming stress and increas the hoop stress both the no-sli region and the contact angle were found to
Increase With friction.

In a two-dmensional, elasto-plastic finite elament analysis, Tmajmoto and Wilson (1 13) investigated the effect of
Including frictiona forces along the fastener hole Interface on the strength of composite bolted Joints. It was found that
for a conventional graphite/epoxy material, the ret tonllo failure Is relatively Insensitive to friction effects while



bowing end shnarout failure are sensitive. The failure strength for the bewing and the shearout mode was found to
Increase when the coefficient of friction is increased. However, when comparing predicted results with experimental
results, a crAdition of no friction gave the best correlatiln. Therefore this condition was used In subsequent elastj-
Plastic analysis. The special capability of this Incrvmental elastop-pAtic analysis Is that It provides the details of the
damage p o•sian end empys a cumulative dlamae concept to predict failure. Ina separate report, Wilson and
Tsuaimoto (I prs eed study o med by using a laminate deply technique developed by Freeman
(11). After a queal-isotropic laminate was loaded to ultimate tensile strength by a pin in a double lap joint, it wasdeplled wxd fth damage was doc•umented ph~otographically. The damagle ma determined in this way were found to

correlate well In a qualitative e with those predicted using the eito-pltl eanalysis. The development of
quantitative failure criteria basud an damage ieces lit baql pursued by exploiting the present capability of theolasto-plastic model In an extension of the reeac desorihted In Reference 113.,

SIn orader to predict bowing and dollmination lile and to acvount for the affect of clamping pressure created by
bolt torque In composite mechanically faem jtr the distribution of s around the loaded hole in three
directions his to be evalutetd. Matthews et at. (491 performed a thrdimenslenel finite element analysis on a single
composite baited Joint by using; & now e t ' ro a standard 2-noded, isoparametrie 'bricit' element. This
modified alenmt can represent several layers of the c site without sious I of accuracy. The results for three
clamping cum discuss" (I) Pin-loaded hole cae where lateral constraint is excludod; (2) finer-tight washer
cam where lateral constraint is provided; and (3) bolted joint case where a compressive displacement to all the surface4oe under fth washer is Impoend. The affect of friction was Igo In the analysis. It was obseved that when the
laminate Is loaded via a bolt with finger-Ught washer% the most noticeable change from the pin-loaded case is
reduction of the ttwough-the-thickMess tensile stress. This observation was consistent with the Increase in failure load
obtained experimentally. For the bolt leading with a fully damped washer, a significant increase in the direct stress,
az - under the washer and the Intertiamlnr sheer stress, azx , at the edge of the washer In the outer plies, was
notiled. Again this is consistent with experimental results where failure was ftund to occur by delamination at the
washer edge. A suitable ffwlure criterion has not been combined with the stress analysis to predict the actual failure
loads and failure modes.

2.4.4 Stetic st:ength predictionaieaf elastic onia•topic analysis

T!vAs methods are principally formulated from two-dimensional anisotroplc elasticity theory (50). In these
neth.v,A, the stress distributions aound a hole In an infinite orthotropic laminate are determined and vriotss ways of

coroct.ing these str for finite lamamite widths and lengths have been arlled (51,52). Thsre are two common
te.etiniques of modelling fastener radial load distributions: (1) a radial stress boundary condition varying In a cosine
J•strl.butl'an (52.SX3,5) and (2) a radifl displacement boundary condition correspondIRn to rigid displacements of the
fastener coupled with a solution of the associated contact problem (58,39). In most cases, fastener frictional shear
force at the hole boundary have bee Ignored.

Wascask and Cruss (3)) solved the problem of an infinite anisoltropic plate containing a circular cut-out. The
plate was loaded by the bolt load, which was represented by a cosine distribution of normal stross and was subjected to a
uniform stress field caused by tension loads applied at two far ends o& the plate. The method of superposition was used
to generate the solution to the problem of Interest by combining two infinite plate solutions. One case contained the
bolt loading wdy while the other case contained the tension loading only. A series solution based on the theory of
anisotropic elasticity was derived for the bolt loading cose. The solution to the case of a plate with a hole under tension
loading was obtalred from Referenmce 5. Both Infinite plate solutions for the two cases were corrected for the effects
of finite specimen slix using anisotropic correction factot'& ge•erated by Boundary Integral Equation methods (51) prior
to their ,uperpositIon. Pin/plate interaction was assumed to be frictionless. It was note.; that the use of correction
factors to modify the Infinite plate solutions produced a streis field which no longer strictly satisfies overall equilibrium
requirethents.

The maximum stress, the maximum strain and tee Tsal-H1ll criteria were co•siderd for static joint strength
pre licions based on a first ply failure hypothesis. Co-.servative prictions of falltwe loads were obtained. The degree
of conservatilvi was found to be a function of t.pe~imrn lay-uPs varying from 2% for a (06/+345*) boro xy laminate
tj 53% for a lt4$e) boron-epoxy laminate whe.re larle shear deformation occurred. PrdedlcYion of falure locayt1itons was
loutid to be S'titfactory.

De 31inig (52) presented a solution of the stress dlstrlbut•on around a pin loaded hole in an orthotropic plate. The
approach wad by De 3ong was sit illar to that tred by Wasxczal, and Cruse (33) except that the normal stresses carrying
over the fstaner loading force an the boundoey of the hole were reprsented by a sine series where the coefficients of
this sorl.es were calculated from the buundary colditlons for toe dlsplr•cments of the loaded section at the edge of the
hI.le. Wasrciak and Cru.e (53) only ued the first term o, the co.lne serles as a stress boundary condition and the
rpossbility of determining the nworaal odae st':esses M rolation to material properties by means of a displacement
boundary condition was not expl•ioed. A superposltiov. technique was then adopted to estimate the stresses In the plates
of finite widths from Infinite plate results. The predictiln of joint sirength by failure crito',la was not lnv'stlgated. One
of the o Jondslons reached by De Jang was that althovgh the pin hA a neat fit In the hole, there is a clearance, resulting
from elastic deformations of the plat#. mattorial, not only betwoe, the pin and the uni'aded side of the hole, but also
between the pin and a small reglan of the loaded side as well.

Garbo and Oganowski (55,36) devklped a Boited 3oint Stress Field Model (SB3PM) which utUies two-dimensional
elastic anisotropic theory to detrmine laminate stress distrIJutIons around an unloaded or loaded fastener hole in
orthotropic materials. The prinriple of elastic superposl dion was used to obtain laminate stress distributions due to the
combined bearing arnd by-pass loading. Loaded hole analysis was performed by specifying a radial stre,.s boundary
condition varying a a cosine function over half of the hole. The stres solutions obtained are valid for rnmi-plane
symmetric laminates only. Strain disrlibutions are calculated using material comnp•ance constitutive relations.
Laminate comapliance coefficients were derived from classical lamination plate theory (57) with unidirectional material
elastic constants, ply angular orientations, and ply thicknesses Strains for Individual plies along famine principle
material axes were calculated using coordinate transformations. Finite width effects *we accounted for by the
superposition technique aeopted by Do 3ong (52). To minidmi the effect of nonlinear material behaviour at the hole
boundary, the "chasractoristic dimension" hypothesis of Whitney and Nuismer (18) has been adopted In B.SMP. Laminate
failure was predicted by comparing elastic stress distributolns with material failure criteria on a ply-by-ply basis.
Various material failure criteria, such as Tsal-HUI (27), Hoffman (21), Tsal-Wu (29), maximum stress (23), and maximum
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strain (24), were Incorporated in the 833PM. Analytical predictions of joint strengths provided by the B3SFM have been
extensively calibrated against experimental results (3136).

Opinor and GandNi (3) presented the results of stres distributions around a hole In a pin loaded orthotropic plate
by using a two-dimenslonal anlsotropic elastic analysis which employed a least-squares bounda I collocation scheme.
The mode of interaction between the phi and the plate was described by a readial displacement boundary condition
corresponding to a rigid displacement of the pin In the region of contact together with & condition of eot radial pressure
outside the contact region Iteration techniques were used to solve the non-linear contact boundary conditions of this
problem. hs a relateJ Investigation by Oplinger and Gandhi (39), results are presented which describe the effect of
Coulomb friction between the pin and plate on the radial and shear stress distributions around fastenme hole.' These
results are illustrated In Fig"u 10 for friction coefficients ranging from 0 to 0.3. Significant effects of friction on
stres distributions are displayed in Pigsr 10.

2.3 Fatigue Ute PreIctise Methodology

There are basically four methodologies adopted for predicting composite fatigue behaviour. These methodologies
arm (I) empirical correlation, (2) cumulative damage model, (3) residual strength degradation model, and (4) tensor
polynomial failure ,riterlon. The empirical approach has been extensively applied in fatigue life prediction of
mechanically fast~ joints In composite structures. Only limited experImental verifications of the accuracy of fatigue
life prediction for composite mechanically fastened joints have been carried out for the remaining three methodologies.
A review of the four fatigue life prediction methodologies iP presented in the followingt

(I) Empirical rmethods - currmnt state-of-the-art fatigue verification approaches for composite structures employ
spectrum fatigue tests on components/specimens representative of specific design details (60). These empirical methods
are extensively applied due to a lack of confidence in existing analytical composite fatigue life prediction procedures
which still require more experimental calibration. In all modern military aircraft that contain extensive composite
contents in their primary and secondary structural components (&4. 8-1, F-I5, F-16, F-11, AV41), empirical methods
have been used extensively to assess the effects of cyclic loading on composite fat ue life In order to comply with
various military durability specifications such as MIL-A-1366, MIL-A43444 and MIL-STD-1•30A (61-66). It has been
postulated that sufficient fatigue life can be achieved by composite structures designed to satisfy static strength
requirements (63). Por the composite winsp of the F-IS and the advanced Harrier aircraft (AV41F), the maximum design
strain level has boe limited by McDonnell Douglas Aircraft Company In the range of 4000 to 5000 pm/m. These design
strain levels have been developed to acc-mmodate the strew concentration effects of fattener holes and also serve to
provide an Inherent damage tolerant structure (63).

Most research and development programs on composite fatigue have also emphasized experimental Investigations.
Conclusions and recommendations reached in these studies have been based on empirical curves fitted through data.
Generally, physical understanding of the failure mechanism involved Is not Included. This makes the extrapolation of
curves very difficult or even meaningless. Most published fatigue data have been on unnotched lraminates or laminates
with an unloaded hole. Relatively little fatigue data exist on composite mechanically fastened joints. Of the existing
data, results are often for specialized specimen design, lay-up, or test conditions (67,b8).

(2) Cumulat've damage model - Miner's linear cumulative damage rule is the most commonly applied cumulative
method for analyzing composites because of Its relative simplicity. This method requires only constant amplitude
fatigue data (S-N curves) for the applied strews ratios In the spectrum in order to predict fatigue life. A simplitic
spectrum fatigue life prediction procedure for composites using Miner's rule Is illustrated in Figure 13.

There are disagreeme',s reported in the literature regarding the accuracy of the composite fatigue life prediction
using Miner's rule. In some cases, It has beom reported that Minors rule is grossly unconservative In predicting life of
composite materials (0A,70). Others have found It to be an adequate technique for preliminary design studies (71). An
investigation at McDonnell Douglas Aircraft Company (1) has found that Miners rule Is adequate to gauge the severity of
spectra variations.

The large amount of scatter In composite fatigue life may be the main reason for unreliable analytical predictions
that have led to disputable concuslons. One of the major difficulties in developing a composite fatigue life prediction
method Is to provide sufficient replicate testing In order to establish statistical scatter factors to account for the
variability of composite fatigue life.

(3) Resldusi strength degradation model - Yang (72) derived a residusi strength degradation model to predict the
fatigue life of composites. This model was derived based on the assumption that residua; strength is a monotonically
deocrea=lng function of the applied load cycles. Weibull statistical procedures are used In this model to predict residual
strength and fatigue life. Parameters required In the analysis aem derived from static and constant amplitude fatigue (S-
N curves) test data. Once these parameters are derived, probability of survival curves can be generated. The major
limitation of this approach Is In the basic assumption of continuously decreasing residual strength which makes the model
Incapable of accounting for initial strength Increases that have been observed in many investigations on fatigue of
composites (73).

(4) Tensor polynomial fllure criterion - Tennyson et Wi. (30) have extended the application of the tensor
polynomial failure criterion from static strength prediction to the fatigue life prediction of composite lanminatesr Unlike
static strength parameters, the fatigue strength parameters are not constants, but rather are functions of the frec ency
of loadin (n), the number of cycles (N) and the stres ratio R a Omln/ amax, I.e. F z P(n,N,R). "Fatigue functIons"
required to predict the fatigue life of a laminate under unlaxIal tenson and compression cyclic loading conditions with
constant frequency and R ratio have been establidsKe for the pone strews condition and Implemented Into a quadratic
formulation of the tonsor polynomial failure criterion (30). These fatlige functions wver established based on results
from tension and compression tests in both the fiber (1) and transverse (2) directions, as well as pure shear In the 1-2
piane. Applications of this model to predict fatigue life of "flawed" &-d "'lnflawed" graphite/epoxy laminates for
unlaxial load cases in hot/wet environments with thermal-spike cycles were attempted and some encouraging results
wr reported (30). Current work lnvolvyti applying this model to predict the fatigue life of lraphit/elpoxy laminates
under random FALSTAFF loading conditions. Some experimental data using a !our point ei.ng specimen have been
generated.
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Rotem (7#) has established a general fatigue failure criterion also based on experimentally determined "fatigue
.unctions" for multidirectloali laminates. "Fatigue functions" that account for delamination have also been developed.
The effect of temperature Is accounted for by experimentally determined "shifting factors" for the "fatigue functions"

Presently, It Is uncertan which methodologies provide the most reliable predictions, and under what conditions
they are reliable. Thus it Is Important for the reliability aspects of the fatigue prediction methodologies discussed
earlier to be evaluated. UntiU this Is complete, it remains a difficult task for designers or researchers to select a
methodology than can provide reliable fatigue life predictions under their specifi : requirements and conditions of
interest.

3.0 EXPERIMENTAL INVESTIGA"IOM S

In the process of preparing this review, It was observed that the majority of the published work on ,omposite
mechanically fastened joints included comparisons of experimental results. This is mainly due to the fact that
experimental Investigations are often required to characterize the complicated behaviour of composite mechanically
fastened joints which cannot be treated solely by the analytical methodologies described In the previous section.

State-of the-art empirical apploadies in composite joint strength analysis represent an alternative, often regarded
as an expensive one, to the detailed stress distribution analysis described in the prevlous section. Through tests on design
oriented composite specimens, the failure strength of a specific mechanically fastened joint as influenced by parameters
such as geometry, lay-up, percent of load transferred In joint through bearing and by-pass etc., Is assessed. However, it
is obvious, In view of the very large number of variables involved, and their effect on each other, that a complete
charecterizatlon of a general joint behaviour is impractical. Rather, the current approach is to determine as thoroughly
as possible the behaviour of a few basic joints in a limited number of material systems and to hopefully infer the
influence of the more important parameters from which the behaviour of other joints and matewials can be predicted by
empirical design methods. Hart-Smith's work Is an example of a comprehensive experimental investigation of some
mechanically fastened joints In graphite/epoxy composites where experimental results were generated to establish
empirical formulae and design-analysis procedures (76).

Experimental res ilts are also generated in order to complement/verify analytical results obtained by methodologies
described in the previous section. The advantage of this is that once an analytical methodology has been wel' calibrated
against experimental results, it can be used to predict composite mechanically fastened joint strengths and thus reduce
the high cost of experlisental assessment in new design applications.

In the following sub-sections, experimental results and conclusions obtained from published literature relating to
the effects of various narameters on composite mechanically fastened joints arc presented and discussed. For
convenience, the parameters are arbitrarily divided into three groups:

(1) Material parameters: fiber type and form (unidirectional, wnven fabric etc.), resin type, fiber orientation and
stacking sequence.

(2) Fastener parameters: fastener type, fastener size, clamping force, washer size, hole size, and tolerance.

(3) Design parameters: joint type, laminate thickness, geometry (pitch, edge distance, hole pattern, etc.) load
direction, load mode (static or cyclic), and failure definition.

3.1 Material Parameters

Fibrous composites, in most secondary and primary aeronautical applications, are gener'.ly manufactured by
stacking layers of prepreg consisting of reinforcing fibers embedded in a resin natrix. Graphite, Keviar or glass fibers
and epoxy resins are common ingredients used in producing laminates. The reinforcing fibers are arranged in either
unidirectional or woven format in a single ply of prepreg where they are saturated with resin material. This resin matrix
serves to bind the fibers together and transfer loads to the fibers.

The mechanical behaviour and failure mode of composite mechanically fastened joints are dependent upon the
orientation and stacking sequence of plies In the laminates. In their work on unloaded holes in laminates, Rybicki and
Schmuerer (79), and Pagano and Pipes (80) demonstrated that the stacking sequence of piles affects the interlamirnar
normal and shear stresses around the unloaded hole and hence, by inference, the strength of a loaded hole in a composite
mechanically fastened joint. In order to reduce these matrix stresses which are responsible for delamination at the
fastener hole or other free edges, it is important to intersperse the ply orientations thoroughly in the laminates such that
the number of parallel adjacent plies are minimized (76).

The effect of stacking sequence on the bearing strength of composite bolted joints was Investigated experimentally
by Garbo and Ogonowski (56) and Ramkumar and Tossavainen (77) by grouping plies with the same fiber orientation
together in the laminates. Both groups of investigators found that the bearing strength decreased when the percentage
of the parallel adjacent plies with the same fiber orientation was Increased. Quinn and Matthews (78) investigated the
effect of stacking sequence in glass fiber-reinforced plastics. They showed that placing 90" plies perpendicular to the
load direction at or near the surface improved the pin bearing strength.

The -ffect of orientation of plies or lay-up on the bearing strength of composite mechanically fastened joints has
been invest gated by several authors. Collins (81), whose work covers bolted joints in graphite/epoxy composites,
concluded inat for optimum bearing properties, more than 35% but less than 80% of 01 plies (i.e. parallel to the load) are
required, the balance being made up of +45" plies to provide transverse integrity to the composite bolted joint. He also
concluded that optimum tensile properties were obtained when the ratio of 0' to 45' plies was 2:1 whilst optimum shear
strengths required a ratio of 1:1. Matthews et a. (83) performed tests on composite riveted joints and concluded that
the bearing strength is significantly higher for the 0"/+43" lay-up than for the 90"/+_45 lay-up.

Ramkumar and Tossavalnen (77) investigated the effect of lay-up on the strength of laminates that were bolted to
metallic plates using a single fastener. They tested laminates that were fabricated using nonwoven ASI/3501-6
graphite/epoxy material with lay-ups that ranged from a fiber-dominated lay-up to a matrix-dominated lay-up. They
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found that, under compression loading, the failure strain incresed with an tncrease In the percentage of +45" plies while
the gross compressive strength and 6earing strength decreased with an Increase of the Percentage +WP plies. Their
compression test results and tension test results are presented in Figure 14 asd 13 respectively. They observed that the
failure mode chi aed from the shear-outt mode to local bearing failure mode when the percentage of +45* piles was
increased from 40% to 60% under tension loading. However, under compression loading, they found that failure mode
was Insensitivo to lay-up and specimens tested always failed in the local bearing mode.

The mode of failure is also influenced by joint geometry. This aspect will be discussed in sub-section 3.3.

it is recognized that a high stress concentration factor exists at the fastener hole of a composite mechanicaliy
fastened joint. Derg (33) emphasized that because most composite materials are Incapable of yitlding, local load
redistribution at 4e fastener hole can only be achieved by fit- fracture. The distribution of stresses at the fastener
hole Is influenced by the lay-up of the laminates. Coilings (8g) suggested the inclusion of +±4 plies In order to reduce
the stress concentration at the fastener hole.

Hybrid laminates can also be used to reduce the sensitivity to stress concentration. Hart-Smith (76) replaced some
of the graphite fibers whial were aligned with the load direction with S-glass fibers. Mechanically fastened joint
specimens fabricated from these glass/graphite hybrid laminates were Lonsistently as strong or stronger than the
equivalent all-graphite specimens when tested under tension loading. However, because of a lower modulus for the glass
fibers with respect to the graphite fibers, the stabilization of compressively loaded joint specimens was found to be a
problem. The failure mode of the glass/graphite was almost exc!usively associated with local bearing failures rather
than the potentially catastrophic tension-through.the-hole failure which was common for many of the all-graphite
specimen

The experimental results discussed here are essentially N-ased on conventional material systems composed of
graphite fibers of moderate modulus and first generation brittle resin materials (The classification of resin materials is
according to 3ohnston (83)). Advanced composite material systems composed of high strain graphite fibers and second
generation tough resin materials are now being manufactured by the composites industry. A survey was conducted by
Canadair Ltd. (96) on the types of advanced material systems which are being examined by the aeronautical Industry for
the next generation of aircraft. As indicated by the survey report of Canadair Ltd., the tensile strengths and the
compressive strengths of the advanced composite materials are significantly higher, by a! much as 37% and 22%
respectively, relative to those of the conventional baseline systems. The most important improvement of the newer
composites over the conventional composites appears to be the post-impact performance. Unfortunately, there is no
mechanically fastened joint data available currently In the published literature for these newer material systems.

3.2 Fastener Parameters

Many types of fastener are used in aerospact manufacturing. Some common types are screws, rivets and bolts.
Each type of fasteners can be offered in a wide variety of dimensions, configurations and materials. The splection of
fasteners depends on the type of applications. In general, screws give the lowest load-carrying capacity and tend to be
of little use In a primary structural role. Both rivets and bolts offer adequate strength In composite joints for medium to
high load transfer applications.

In composite structure, some parameters which affect the selection of fasteners are edge and side distances, hole
diameter, laminate thickness, fiber orleotation, laminate stacking sequence, and the type of materil. systems being used.
For example, composite laminate thickness, material and location in an airframe structure are factors to be considered
in determining whether a blind or two-piece fastener is selected. If the material stack-up has a thin top sheet, the hole
countersink configuration and the head configuration of the fastener become important cor. Iderations.

Composite materials pose special problems for mechanical fastening because of their peculiar properties. In their
survey report on fasteners for composite structures (88), Cole et al. identified four primar/ problems: (1) galvanic
corrosion; (2) galling; (3) installation damage, and (4) low pull-through strength. The nature of these problems and the
design of fasteners to circumvent them are discussed below:

(1) Galvanic corrosion: the basic force of the galvanic corrosion reaction Is the differevce in electrode potential
between the graphite fibers and the metals. The less noble metals may corrode when mechanically fastened to graphite
fiber composites. One solution is to cover the fastener with a protective coating. Prince (87) performed a comparison of
the effectiveness of different coatings to protect against galvanic corrosion. He concluded that, when flawed, coatings
are inadequate to provide protection against corrosion.

A more effective solution to the corrosion problem is to select compatible materials for the fasteners. For this
purpose, a galvanic compatibility chart, shown in Figure 16, is used. This chart ranks nobility, or resistance to galvanic
corrosion of fastener metals In a graphite based composite. Titanium is one of the most noble metals, and so titanium
and titanium alloys offer excellent corrosion resistance when used with graphite composite.

A special composite fastener, made of both graphlte/polyimide and glass/epoxy composites, has been developed to
provide total compatibility, low weight, and low cost (88). The most serious disadvantage of this type of fastener Is the
lack of reliability of the adhesive bond which holds the two-piece fastener together.

(2) Galling - Galling prob.ems are encountered when nuts fabricated with either titanium or A286 CRES steel are
used with titanium bolts, such as the corhmon HI-Lok system (88). A lock-up situation occurs during installation prior to
the development of the desired preload4 McDonnell-Douglas has successfully ellm~nated this problem In the F-18 and
AV .8B programs by applying suitable lubricants (88). Galling problems were also encountered In the Lockheed L10 11
Advanced Composite Vertical Fin program. The solution was to use stainless steel nuts (Type 303) to replace A286 CRES
steel or titanium nuts (88). Other solutions to the galling problem include the use of free running nuts, as In the Eddie
Bolt system, and swaged collar fasteners such as the Groove Proportional Lockbolt (GPL) made by Huck Manufacturing
Company.

(3) Installation damage: the procedure for Installation of fasteners in metallic structures often uses high preload
and interference-fit to obtain strength and durability improvements In the joint. Experience has shown that using the
same fasteners and procedures In composite structures can produce unacceptable damage. Before the installation of


